ABSTRACT Background: A small number of relatively small studies have found greater gestational weight gain to be associated with greater offspring body mass index (BMI; in kg/m 2 ), but whether this association is caused by intrauterine mechanisms or by shared genetic and environmental risk factors for adiposity is unclear. Objective: The objective was to examine the association of greater maternal weight gain (MWG; postnatal weight minus weight at the first antenatal clinic assessment) with greater offspring BMI and to explore whether any observed association is explained by intrauterine mechanisms. Design: This was a prospective cohort study that used record linkage data (n = 146,894 individuals from 136,050 families). To compare the within-sibling and between-nonsibling associations, we used fixed-and between-cluster linear regression models. Results: Associations of MWG with later offspring BMI differed by the mother's early-pregnancy overweight or obesity status (P for interaction ,0.0001). MWG was positively associated with BMI at a mean age of 18 y in the offspring of normal-weight women but only between unrelated men (0.07; 95% CI: 0.06, 0.07) per 1-kg greater MWG; no within-sibling association (0.00; 95% CI: 20.02, 0.02) per 1-kg greater MWG was found. In contrast, in overweight and obese women we found a within-sibling association (0.06; 95% CI: 0.01, 0.12) and an association between unrelated men (0.02; 95% CI: 0.01, 0.03) per 1-kg greater MWG. Conclusion: In normal-weight mothers, most of the association between MWG and later offspring BMI is explained by shared familial (genetic and early environmental) characteristics, whereas evidence indicates a contribution of intrauterine mechanisms in overweight and obese women.
INTRODUCTION
There is increasing interest in the hypothesis that greater adiposity in women during pregnancy programs their offspring to greater adiposity at birth and into later life (1) (2) (3) (4) (5) . The suggestion is that mothers with greater amounts of fat during pregnancy (either as a result of being more adipose at the start or as a result of gaining more fat during pregnancy) deliver greater concentrations of glucose and fatty acids to the developing fetus, because these nutrients easily cross the placenta (6, 7) . This results in an increased fetal secretion of insulin and consequent increased growth and is also thought to result in permanent changes to the pancreatic islet cells, hypothalamus, and adipose tissue, which results in greater adiposity throughout life (6, 7) .
It is important to establish whether this developmentalovernutrition explanation for the association of maternal earlypregnancy body mass index (BMI; in kg/m 2 ) and gestational weight gain (GWG) with BMI and other measures of adiposity in offspring later in life is correct (8) . Evidence from animal studies supports this hypothesis (7, 9) . In humans, several studies have shown that maternal BMI in early pregnancy and greater GWG are positively associated with offspring birth weight (10, 11) and with BMI and fat mass in offspring later in life (3, (12) (13) (14) . However, these associations might be explained by shared genetic variants or lifestyles between mother and offspring that are related to greater weight gain and adiposity. Furthermore, studies that have related GWG to later adiposity in offspring may have a poor proxy for greater acquisition of maternal fat during pregnancy, because GWG includes contributions from offspring birth weight, placenta, amniotic fluid, and maternal plasma expansion as well as weight/fat gained solely by the mother.
One way of controlling for shared familial characteristics is to make within-sibling comparisons, because maternal characteristics such as genetic make-up and socioeconomic background are fixed and are therefore fully controlled for, regardless of whether they are measured in a study (15) . This approach has been used to examine the causal intrauterine effect of greater GWG on birth weight (4); however, to our knowledge it has not been used to examine offspring BMI later in life. The aim of this study was to examine the association of maternal weight gain (MWG; postnatal weight minus weight at the first antenatal clinic visit) in pregnancy with offspring BMI at a mean age of 18 y in a large Swedish record linkage study. We compared within-sibling associations with associations between nonsiblings to explore the extent to which associations were driven by shared maternal-offspring characteristics and by intrauterine mechanisms. We also explored whether both within-and between-sibling associations differ depending on whether the mother is of normal weight or overweight/obese at the start of pregnancy. This work builds on a previous publication of ours conducted in the same cohort, which illustrated an important intrauterine effect of maternal diabetes in pregnancy on later offspring BMI, but not of variation in early-pregnancy BMI (16) .
SUBJECTS AND METHODS

Study participants and data sources
The study consisted of all men born in Sweden between 1973 and 1988 who were still alive and completed their conscription medical examination during 1990-2005 (n = 390,108). We used data from the mandatory national conscription examination for offspring BMI and hence included men only, because only men complete this examination. Date of birth of the index participant, together with mother's age at birth and the parent's unique identity numbers (used to generate a family ID for the purpose of identifying full siblings), were extracted from the Swedish Multi-Generation Register. A linkage was made between these data and the Swedish Medical Birth Register (17, 18) , the Swedish Military Service Conscription Register, and the Population and Housing Censuses of 1990.
We excluded anyone born outside of Sweden, multiple births, and anyone with missing data on any variables included in this study. After these exclusions, the study population consisted of 146,894 men from 136,050 families. The derivation of the eligible and analysis cohorts is shown in Figure 1 . The Regional Ethics Committee, Stockholm, Sweden, approved this study.
Exposures and covariables
All of the data that we used in this study were obtained from routine data registers that were linked to each other as described above. We had no direct access to any medical records or survey data. Our descriptions of these data were taken from the manuals that accompany the registers. Data on maternal weight and height at the first antenatal clinic assessment (which took place at '10 wk gestation), birth weight, parity, and diabetes in pregnancy were measured by midwives, obstetricians, or other physicians as part of normal clinical practice. These data were taken directly from the obstetric records and entered into the Medical Birth Register.
MWG, which had been calculated by subtracting the weight at the first antenatal clinic assessment (at '10 wk gestation) from the weight measured shortly after delivery (within the first 12 h of delivery), was entered in the Medical Birth Register. The exact dates for these measurements are unknown. The assessment of MWG that we used here differs from that of GWG used in previous publications, in which GWG was calculated from measurements that were collected during pregnancy and, hence, includes weight gained from the developing fetus, placenta, and amniotic fluid as well as that gained by the mother. Thus, although our results could not be directly compared with the results from previous studies, our method of calculation is arguably a better measure of the true exposure (ie, greater fat gain by the mother in pregnancy).
"Thus, although our results could not be directly compared with the results from previous studies, our method of calculation is arguably a better measure of the true exposure (ie, greater fat gain by the mother in pregnancy)."
According to the Medical Birth Register manual, gestational age at birth was assessed from the first day of the last menstrual period for 80% of the cohort, with ultrasound scan results being used alone or in combination with last menstrual period in the remainder of the cohort. Highest maternal education (4 categories: primary and lower secondary only, upper secondary only, postsecondary, or university education) was obtained from the individual-level responses of each mother to the 1990 census. 
MATERNAL WEIGHT GAIN AND OFFSPRING ADIPOSITY
Outcome
During the years covered by this study, it was a legal requirement that all Swedish males undergo the Swedish military service conscription examination; there were almost no exclusions to this requirement. Only individuals with severe mental retardation, being hospitalized for severe psychiatric morbidity, or imprisoned for severe criminality were exempt. At the conscription units across Sweden, height and weight were measured by trained personnel using standard procedures while the men were wearing underclothes and no shoes.
Statistical analyses
We compared distributions of characteristics between men who were included in the study and those who were excluded because of missing data using chi-square-, t, and F tests as appropriate. To compare the within-sibling and between-unrelated family associations, we used fixed and between cluster linear regression models with the xtreg command in Stata (version 11; StataCorp, College Station, TX) (18) . This approach, which is equivalent to a mixed linear model, runs 2 regression models simultaneously: the within-sibling fixed effect model and the between-clusters (unrelated families in this study) model. The random effect was then obtained as the weighted average of the regression coefficients from these 2 models. For all models, our main outcome was offspring BMI at age 18 y; we also examined birth weight as an outcome. The exposure of interest was MWG. The equations for the models are provided in Appendix A.
The fixed-effect regression coefficient provides the withinsibling association. This coefficient represents the association of MWG with offspring BMI after control for fixed maternal characteristics (eg, socioeconomic background, lifestyle, and genes). A positive association would support an intrauterine effect, because it would suggest that the sibling exposed to greater maternal MWG while in utero (with all fixed maternal characteristics controlled for) would have a higher BMI than would the sibling who was in utero when the mother gained less weight during pregnancy. The between-cluster regression coefficient represents the betweennonsiblings effect. This coefficient represents the association of MWG with offspring BMI between unrelated individuals. The estimate still uses data from all participants, but relates the mean offspring BMI within a cluster (family) to mean exposure within clusters (family); the clusters are independent of each other. A Hausman statistic was used to compare these 2 models (19) . The finding of consistent within-sibling and between-unrelated cluster coefficients and of an association of MWG with offspring BMI suggests that the association is importantly driven by intrauterine mechanisms. If it is found that the within-sibling and betweenunrelated-individuals associations are consistent with each other and both of these are positive, this suggests that the association is importantly driven by intrauterine mechanisms. The randomeffects regression coefficient (overall association) is then obtained as the weighted average of the within-sibling and between-cluster (nonsibling) effects, each coefficient weighted by the inverse of its variance (19) . This latter association represents the overall association between MWG and offspring BMI at mean age 18 y, taking family clustering into account in the estimation of 95% CIs, but does not provide control for fixed maternal effects.
In the basic model we adjusted only for year of birth (model 1). We then additionally adjusted for potential confounding by maternal age at birth, parity, diabetes during pregnancy, and education (model 2). Finally, we adjusted for gestational age (a potential confounder) in the association with birth weight and for both gestational age and birth weight (potential mediators) in the association with offspring BMI as the outcome (model 3). We explored whether there was any evidence of interaction between maternal early-pregnancy BMI [categorized as normal weight (BMI ,24.9) or overweight/obese (BMI 25)] and MWG in their associations with offspring birth weight and BMI by including interaction terms in the regression models. Overweight/ obese women were combined into one category because only 2% of the women were obese. Finally, we undertook 3 sensitivity analyses in which we restricted analyses to 1) those offspring born at term: from .37 to 41 completed weeks, 2) those born with a healthy weight (2500-4000 g), and 3) those brothers who were born within 3 y of each other. The first analysis was conducted to examine whether any association of MWG with offspring birth weight was driven by preterm births, the second analysis was conducted to examine whether any association was driven by low-or high-birth weight individuals, and the third analysis was conducted because background family socioeconomic status and lifestyles may differ between siblings who are born some years apart.
RESULTS
The 146,894 men included in the analyses belonged to 136,050 families: 46,066 men had at least one brother within the cohort. Characteristics of the cohort and differences between those included and those excluded because of missing data are shown in Table 1 . The differences between those included and excluded were small with respect to effect sizes; however, the large sample size meant that most of these small differences were statistically significant. For example, the mean MWG was 14.1 kg in those included and 14.2 kg in those excluded; the mean early-pregnancy BMI was 21.9 in those included and 22.0 in those excluded. The mean BMI at conscription in the sons of those included was 22.9 and in those excluded was 22.6, but all P values for these differences were ,0.001. In normal-weight women, the mean (6SD) MWG was 14.2 6 4.2 kg, which did not differ markedly from the MWG in overweight/obese women (13.4 6 4.8 kg).
Scatter plots were inspected between continuously assessed variables, which did not suggest any nonlinear associations. The correlations between maternal and offspring measurements are shown in Table 2 . Maternal early-pregnancy BMI was weakly inversely correlated with MWG; it was weakly positively associated with birth weight and moderately positively associated with offspring BMI at a mean age of 18 y. MWG was moderately positively correlated with offspring birth weight and weakly positively correlated with offspring BMI at a mean age of 18 y. MWG was weakly positively correlated with gestational age, which was moderately positively correlated with birth weight but very weakly correlated with later BMI.
We found strong statistical evidence that associations between maternal MWG and both birth weight and later offspring BMI differed by mothers' early-pregnancy BMI category (both P values for interaction ,0.0001); therefore, all analyses are presented separately for women who were normal weight and those who were overweight or obese.
The overall within-sibling and between-nonsibling associations of MWG with offspring birth weight in normal-weight and overweight/obese mothers are shown in Table 3 . Greater MWG was associated with higher birth weight within siblings and between nonsiblings in both women who were normal weight and those who were overweight/obese, but associations were stronger in normal-weight mothers than in overweight/obese mothers. In both normal-weight and overweight/obese mothers, the association between nonsiblings was stronger than that within siblings, with statistical evidence that these 2 coefficients differed from each other. Adjustment for most confounders did not substantively affect any of the associations, with the exception of adjustment for gestational age, which resulted in attenuation of all associations, particularly those within siblings (although with positive associations remaining).
The associations of MWG with offspring BMI, stratified by maternal overweight/obesity status in early pregnancy, are shown in Table 4 . In normal-weight women, a positive overall association was found between greater MWG and greater offspring BMI at age 18 y, which did not seem to be importantly mediated by birth weight or gestational age, because adjustment for these factors resulted in very little attenuation compared with that after adjustment for potential confounding factors (model 3 compared with model 2). In normal-weight women, we found no evidence of an association of MWG with greater offspring BMI at age 18 y within siblings; the overall association was due to the between-nonsibling association. In contrast, a positive association was found between MWG and offspring BMI within siblings in overweight/obese mothers. In overweight/obese women, this within-sibling association appeared stronger than that between nonsiblings, but there was no strong statistical evidence that the 2 differed from each other.
In sensitivity analyses in which we excluded pre-and postterm births (n = 107,816 included in the analyses), associations with birth weight in all models were essentially the same as those for model 3 in Table 3 ; associations with BMI at age 18 y did not substantively differ from any of those shown for any model in Table 4 . When we excluded men with a low or high birth weight, none of the results differed substantively from those presented. Similarly, when we restricted the analyses to only those for brothers born within 3 y of each other (n = 144,663 included in the analyses), none of the results differed substantively from those shown in Tables 3 and 4 .
DISCUSSION
To our knowledge, this was the first study to examine the association of MWG with later offspring BMI within siblings and to compare these findings with associations between unrelated individuals from the same cohort. Our findings suggest that, in normal-weight women, the positive association of MWG with later offspring BMI is driven largely by shared familial (genetic and/or environment) risk factors for BMI; however, in women who are overweight or obese in early pregnancy, greater MWG appears to be associated with greater later offspring BMI via intrauterine mechanisms and shared familial characteristics.
Several mechanisms could explain the association of MWG with later offspring BMI. First, the association could be mediated by the effect of MWG on birth weight. Birth weight contributes directly to GWG (as measured in other studies; 3, 12-14), and greater maternal fat deposition during pregnancy may result in developmental overnutrition of the fetus and, hence, greater birth weight. Birth weight is positively correlated with later size (including later BMI, fat mass, and lean mass); therefore, the association of GWG or MWG with later offspring BMI may largely reflect the association of GWG/MWG with birth weight. However, our measure of MWG will not be directly influenced by birth weight, and, consistent with previous studies that did not use a within-sibling analysis (3, (12) (13) (14) , we found little evidence that the positive association of MWG with later offspring BMI was mediated by its association with birth weight or gestational age. Second, shared familial genetic and environmental characteristics (eg, socioeconomic status and associated diet and physical activity 3 Difference between maternal weight measured after delivery of the infant and placenta and maternal weight at the first antenatal clinic visit. 4 Measured at the conscription examination when the son was 18 y of age on average.
TABLE 3
Associations of maternal gestational weight gain with birth weight, within sibling groups and between unrelated individuals, stratified by whether mothers were normal weight or overweight or obese in early pregnancy behaviors) may link greater MWG in pregnancy and greater offspring BMI in later life. We found in normal-weight women that these characteristics largely explained the association of MWG with offspring BMI, because once these shared characteristics were controlled for in the within-sibling analyses, no association between MWG and offspring BMI was found. Third, intrauterine mechanisms may program offspring to have a greater BMI when there has been greater MWG. Our results suggest that, in overweight/obese women, intrauterine mechanisms play some part in the positive association of MWG with greater BMI in offspring later in life, because a within-sibling association was observed in these women. Such an association cannot be explained by maternal genetic variation or background socioeconomic status or behaviors that are likely to be similar for siblings born close in age to each other (as in our study).
The main strengths of this study were its large sample size and its ability to examine associations within siblings in addition to unrelated, nonsibling control subjects. This made it possible to explore the extent to which associations were explained by familial (genetic or early environmental) characteristics as opposed to intrauterine effects. We were not able to assess GWG because no measure of weight in late pregnancy was available. This importantly limited the extent to which we could compare our results with those of other studies that assessed GWG. It also limited the extent to which our findings can be used to inform guidelines, such as those of the US Institute of Medicine (2) regarding the monitoring of weight during pregnancy. On the other hand, with respect to exploring the etiologic question of whether the developing fetus of women who gain more fat during pregnancy is exposed to greater concentrations of circulating glucose and fatty acids that then result in programming of greater adiposity in later life, a measure of MWG (as used here) that excludes birth weight, placental weight, and amniotic fluid might serve as a better proxy of the key exposure than does GWG. Given that previous studies have not used a measure of MWG, it would be useful to explore whether our findings can be replicated in future studies. A more direct assessment of maternal fat acquisition in pregnancy, obtained through imaging, would also be valuable in future studies. The date at which the mothers first attended the antenatal clinic was not recorded in the register; therefore, it was impossible to know the gestational age of the mothers at the time that early-pregnancy BMI was assessed. Most of the mothers were likely at '10 wk gestation on the basis of clinical practice at the time. Indeed, weight was not assessed if women presented late for their first antenatal clinic assessment; thus, a considerable amount of data on early-pregnancy BMI and MWG were missing. Despite these missing data, the mean values for the characteristics of those subjects included and those excluded were very similar (Table 1) . Because this study was conducted in male offspring only and of a population from Northern Europe, the findings may not necessarily be generalizable to women or individuals from other geographic regions.
In conclusion, our study suggests that, in a general European population, both intrauterine mechanisms and shared familial characteristics explain the positive association of MWG with birth weight. MWG is also positively associated with offspring BMI later in life, but our results suggest that this finding is largely explained by shared familial characteristics in normal-weight mothers and that only in women who are overweight or obese in early pregnancy is there evidence that greater MWG is associated with a greater BMI in offspring later in life via intrauterine mechanisms. Given the obesity epidemic and the greater number of women who are overweight or obese at the beginning of their pregnancy, relative to the number in earlier decades (20) , evidence that intrauterine mechanisms contribute to a greater BMI in offspring later in life has important public health implications.
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